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Hotary  extroaed  shaasd  cbar^  liners  have  been  investigated  to  deteraine 
tbs  effects  of  preferred  orientation  on  tbs  opti»un  spin  ccCTensation  frequency. 

‘Fhi.g  nn  r«.  u.-.n  tcngsntiei  cccpccent  of  collapse 

velocity  obtained  in  rotary  extmled  liners  is  produced  ey  a  tangential  shear 
in  the  liner  vsH  vhica  is  ii^uced  by  crystal Icgrapnic  slip  in  individual  grains. 
5be  Talus  of  spin  ccspensation  frequency  flKiMcb  is  obtained  is  therefore 
dependent  on  the  orientation  of  grains  in  the  ilner  vail,  vhich  is  tarn  is 
sharxiLy  dependent  on  the  original  coiediticxs  of  the  folanfc  and  the  changes  is 
various  isenufacturlng  naranetprs.  .  , 

Because  of  the  dependence  of  Hon  grain  owentation  it  is  possible  to 
deterrine  the  cptisnsi  spin  coapensatlun  frequency  by  Eeasurenents  on  a  norEsi 
incidence  X-ray  diffraction  pattern.  Such  sjsasmeiae.  its  fora  the  basis  fo; 
noa-destmctive  test  for  this  type  of  liner- 
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{COSFIDSSTIAL)  IS'IROWJCTIOH 

Hotary  extruaed  shaped  charge  liners  are  currently  being  used  in 
several  lev  frequency  spin  stabilized  roxinds.  The  particular  nanufacturing 
process  produces  crystallographic  anisotropies  in  the  liners  which  laay  be_ 
used  to  study  the  effects  of  mate,  ■'al  properties  or  the  reactions  of  the 
metal  to  high  velocity  deformation.  Two  regions  of  deformation  are  considered 

1.  The  high  velocity  metal  flow  during  ’.he-  formation  of  the  cone  from 
the  blank; 

2.  The  reaction  of  the  cone  to  explosive  loading  to  produce  spin 
compensation. 

The  primary  purpose  of  this  report  is  to  provide  a  quantitative 
explanation  of  spin  compensation  in  rota.-y  extruded  liners.  In  addition, 
the  reaction  of  the  copper  blanks  to  the  shear  forming  is  discussed,  and 
an  inspection  technique  is  suggested  in  Appendix  A,  for  determining  the 
optimum  spin  frequency  of  the  liners  produced. 

One  of  the  sin^lest  methods  for  obtaining  high  velocity  metal 
deformation,  without  the  presence  of  stress  pulses  or  shock  waves,  is 
through  the  use  of  "rotary  extrusion,"  a  mechanized  version  of  the  standard 
metal  spinning  technique.  Loading  rates  greater  than  10^  psi/minute  are 
easily  obtained.  In  this  process  metal  flow  is  obtained  in  which  the 
direction  of  load  application  is  constant  at  all  tii,as.  With  the  ranid 
application  of  load  to  undeforraed  material,  the  stress  sysr.em  and  stress 
axis  may  be  considered  constant  during  the  deformation  process. 

In  rotary  extrusion,  a  metal  blank  is  shear  formed  to  a  rotating 
mandrel  hy  a  tool  moving  parallel  to  the  mandrel  surface.  This  is  shown 

schematically  in  Flgiu-e  1,  Mandrel  rotation  speeds,  and  the  feed  rate  of 
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the  tool  down  the  mandrel,  may  be  vai’ied  over  a  wide  range. 

The  stresses  applied  to  the  blank  by  this  process  are:  a  Yiending  stress 
produced  by  ajetal  being  forced  to  the  cisryature  of  the  mandrel;  an  axial 
shear  produced  by  the  tool  moving  down  the  laandrel;  and  a  tangential  shear 
produced  by  the  mandrel  rotating  agt'nst  the  tool.  These  are  seen  schemati¬ 
cally  in  Figure  2.  The  resulting  grain  orientation  and  residual  stress  system 
in  the  formed  cone  are  functions  of  the  metal  i. action  to  these  stresses.  It 
can  be  shown  that  the  tangential  shear  stress  is  the  predominant  one  in  this 
process. 

The  general  shape  of  stress-strain  curves  for  metals  ’jnder  high  velocity 
deformation  is  the  subject  of  a  large  area  of  investigation.  The  type  of 
relations  proposed  range  from  single  li.ie£-„-  lavs  to  parabolic  forms  for  the 
variation  of  stress  with  strain.  Irrespective  of  the  type  of  relation 
follovred  during  the  deformation,  the  prefeiTcd  orientation  and  residual 
stress  distribution  will  be  functions  of  these  relations. 

In  previous  work  various  anisotropic  effects  in  rotary  extruded  liners 
have  been  investigated  in  order  to  determine  their  influence  on  the  spin 
compensation  frequency  obtained  with  this  type  of  liner. A  direct 
correlation  between  the  optimum  spin  compensation  frequency  and  tne  orientation 
of  crystallographic  directions  in  the  liner  weiII  has  been  foiuid.  This 
relationship  suggests  that  the  tangential  component  c  '  the  collapse  velccity 
Is  induced  by  slip  in  prefei'red  crystallograpliic  directions.  A  orystaiio- 
graphically  dependent  mechanism  is  further  suggested  by  the  following:  It 
has  been  shown  t^at  metal  single  crystals  react  differently  on  different 

( ■  3) 

crystallographic  planes,  even  when  subjected  to  explosive  loading.-  ■  '  In 

addition  the  crystallographic  deformation  system  Js  generally  the  same  as 
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that  observed  for  nietals  u-.ler  normal  testing  conditions,  even  though  stresses 

on  the  specinsens  are  a  minirauia  of  two  orders  of  magnitude  greater  than  ^he 

(3  h) 

static  strength  of  tlie  njetai-  ’ 

A  series  of  copper  cones  were  used  in  this  investigation.  Some  cones 
were  manufactured  from  copper  iJl..iks  that  were  fully  hard;  ej.d  others  were 
manufactured  from  fully  annealed  material.  Variations  in  feed  rate  and 
mandrel  speed  were  used.  Cone  angle  and  waj—  thickness  were  also  varied. 

X-'-ay  studies  were  conducted  to  determine  the  grain  orientations  throughout 
the  specimen.  The  stress  gradient  through  the  wall  of  the  specimen  was  used 
to  determine  qualitatively  the  grain  rotation  as  a  function  of  stress,  through 
recrystallization  experiments. 

Combination  of  the  results  from  the  X-ray  studies  with  the  recrystalli¬ 
zation  experiments  and  derived  equations,  gives  an  indication  of  the  reaction 
of  the  metal  blank  to  the  high  velocity  deformation  in^osed  by  rotary  extrusion. 

Combination  of  these  results  with  the  firing  data  obtained  using  liners 
manufactured  under  the  same  conditions  gives  a  quantitative  explanation  of  the 
mechanism  through  which  spin  compensation  is  achieved  in  these  liners.  The 
method  of  investigation  ic  used  to  suggest  an  Inspection  technique  for  tne 
manufacturing  process. 

(UNCLASSIFIED)  EXPERIMENTAL  PROCEDURE 

The  determination  of  grain  orientatjon  was  made  by  using  t’'"  Lauc 
reflection  method.  A  geiger  tube  rotating  in  the  plane  of  the  diffracted 
cone  was  used  to  record  the  variation  in  diffracted  intensities.  The  sample 
is  placed  in  the  path  of  the  X-ray  beam  and  Of  be  rotated  about  the  point 
of  incidence  in  both  the  horizontal  and  vertical  planes.  This  arrangement 
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is  shown  in  Flgui-e  3-  A  comparison  of  the  Intensities  as  measured  bjr  the 
geiger  tube  through  a  rate  j-eter  and  recorder  with  a  typical  Laue  back 
reflection  photograph  is  shown  in  Figure  4.  Ig  and  Ig  a-e  used  to  desigiiate 

the  intensities  of  the  two  ctoxiina  found  in  u)ie  diffraction  cone.  Grain 

orientations  were  determined  by  measuring  intensities  of  220  reflections  for 

various  angles  of  Incidence  of  the  X-ray  beam  in  both  the  horizontal  and 

vertical  planes.  These  measurements  were  repeated  in  steps  of  0.010"  through 

the  sajnple  wall.  The  metal  was  removed  through  chemical  etching. 

Data  from  measurements  made  in  the  horizontal  plane  were  plotted  in 

polar  coordinates,  as  shown  In  Figure  5*  The  peak  intensities,  in  Figure  4, 

are  plotted  as  vectors  on  either  side  of  the  zero  angle  D.ine  in  Figure  5. 

Rotation  of  the  specimen  to  the  right  or  left  of  normal  gives  intensity 

vectors  for  building  up  the  plot  shown  in  Figure  5;  which  is  a  combination 

of  diffraction  studies  of  the  outside  and  inside  siurfaces. 

The  significance  of  the  minima  can  be  seen  by  reference  to  the  cube 

face  drawn  in  the  center  of  Figure  5*  The  diagonals  are  the  ^lioj  planes 

producing  the  reflection,  and  the  minima  occiu-  at  the  (lOo]  type  pole 

directions,  where  0  is  the  angle  this  pole  makes  with  the  normal.  For  uiy 

angle  of  Incidence,  the  dlfiractlon  peaks  labled  Ig  and  Ig  in  Figure  4, 

1  °2 

occur  at  53.70°  to  the  incident  beam,  syinmetricaiiy  concentrated  on  either 

side  of  the  beam  in  the  diffraction  cone.  The  preferred  orientation  is  very 

sharp,  and  for  the  distribution  shovm  in  Figure  5j  Ir  =  1?  for  5  mici  52*^ 

°1  ^2 

specimen  rotation,  i.e.,  when  the  X-i-ay  beam  is  in  the  direction  of  an 
Intensity  maximum  or  minimum.  For  angles  betvreen  5°  and  50°  rotation,  the 
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shovm  'by  tne  curves  In  Figure  6  ■•'ill  caao^  the  maxlmuia  value  of  0  to  Increase 
as  the  distribution  narrows.  Using  the  metncd  of  analysis  described,  a 
rotation  of  grains  by  an  applied  stress  will  be  detected  as  an  increase  of 
the  value  (ic  -  Tg  )  to  some  maximum  val’.ie,  and  then  a  decrease  until 

1=  =  lo  j  depending  on  the  stress  le.'-l  at  that  point.  The  value  wil?  then 
®1  ^2 

change  sign  and  increase  again. 

The  rotation  discussed  above  is  that  in  the  horizontal  plane  of  the 
specimen  wall,  ;,'coduced  by  the  tangential  shear  stress.  X-ray  studies  made 
by  rotation  of  the  specimen  above  and  below  normal  show  that  there’  is 
insignificant  change  in  intensity  distribution  in  the  vertical  plane.  The 
angular  width  0  in  the  vertical  plane  does  not,  in  any  ease  observed,  exceed 
10°.  The  pole  to  the  ^0^  plane  of  the  meaii  of  this  distribution  coincident 
with  the  normal  to  the  sample  surface.  Since  the  specimens  studies  were 
formed  with  rotation  speeds  of,  for  Instance,  l800  rpm,  and  tool  speeds  of 
IJ-lnches/minute,  this  result  is  not  unexpected.  Complete  ^100^  pole  figure 
studies  show  unusual  texture  patterns  clustered  in  a  horizontal  plane. 

(CONFIDENTIAL)  RESULTS 

Theta  is  the  angle  between  the  mean  of  the  distribution  of  jlO^poles 
and  the  surface  normal,  as  seen  in  figure  5*  This  angle  varies  through  the 
cone  wall,  depending  on  the  amount  of  reorientation  tal  Ing  place  during 
deformation.  The  reorientation  is  a  function  of  the  reaction  of  the  blanr 
material  to  the  applied  stress.  The  ta^igentlal  shear  stress  may  be  considered 
to  vary  linearly  through  the  cone  wall,  as  shown  In  Figure  2.  It  has  been 
shovm  that  the  tangen'  al  force  applied  in  this  process  is  directly  proportionivl 
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(5) 

to  the  feed  rate  in  inches  i>er  revolution.  '  Consequently,  the  reaigential 
stress  viU  also  he  directly  proportional  to  the  feed  rate.  The  specimens 
reported  here  were  produced  with  a  constant  mandrel  speed,  and  a  varying 
tool  feed,  so  that  the  variation  produced  in  the  specimens  is  directly  dependent 
on  the  tangetlal  stress.  Figure'  8  and  9  show  the  variation  of  G  writh  x,  the 
distance  from  the  Inside  surface  of  the  cone  to  the  point  considered,  for 
specimens  made  from  annealed  and  hard  blank.., 

The  curves  for  specimens  made  from  soft  blanks,  Figure  8,  show  a  grain 
rotation  that  has  caused  a  narrow  distribution  of  orientations.  For  higher 
feed  rates,  the  greater  applied  stress  produces  a  larger  variation  in  6. 

Figure  9,  for  hard  blank  specijnens,  shows  little  change  in  0  between  the  two 
feed  rates,  for  the  first  half  of  the  cone  wall.  The  effect  of  the  tangential 
shear  is  large  in  the  outer  half  of  the  wall  only.  The  preferred  orientation 
in  the  inner  half  of  tue  specimen  wall  is  caused  by  reorientation  of  the 
original  blank  texture  by  the  axial  shear  and  bending  imposed  on  the  blank. 

Recrystallization  studies  of  the  specimens  show  a  variation  in  grains 
per  unit  area  with  position  through  the  specimen  wall,  as  seen  in  Figure  10. 

To  a  close  approximation,  the  number  of  grains  per  unit  area  will  be  a  a'.rect 
function  of  the  amount  of  plastic  flow  that  has  taken  place  at  a  point  in  the 
metal^^^,  and  therefore  a  direct  nveasure  of  the  reaction  of  the  blank  material 
to  the  applied  tangential  stress. 

As  seen  in  Figure  10,  the  number  of  grains  per  uniu  area  for  ccn-^.: 
made  from  aiuiealed  blanks  is  linear  through  the  wall.  For  cones  roadv.  from 
hard  blanks,  the  number  of  grains  per  unit  area  becomes  a  constant  approxi mately 
half-way  through  the  wall,  again  indicating  that  the  tangential  shear  stress 
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has  nob  caused  plastic  deforE''*.tion  in  chis  region.  For  hoth  hard  and  soft 
hlanlcs,  the  variation  is  linear  in  the  region  where  the  tangential  stress 
causes  plastic  flow. 

Figure  11  shows  the  variation  of  Q  with  F,  or  the  tangential  stress, 
for  soft  blank  cones.  For  hard  blank  cones  the  9  vs  F  curve  is  a  straight 
line,  as  indicated  on  Figure  11. 

( CONFIDENTLIL)  CONCLUSIONS 

A.  Reaction  of  the  Copper  to  High  Velocity  Deformation  During  Shear  Forming. 

Combining  the  res’-lts:  9  vs  x;  grains/area  vs  x;  and  9  vs  F  gives- an 
indication  of  the  metal  reaction  under  high  velocity  loading.  The  variation 
in  9  is  a  direct  measure  of  the  strain  variation  during  deformation.  The 
variation  in  number  of  grains  per  unit  area  shows  the  regions  of  Influence 
of  the  tangential  shear  stress,  and  also  is  a  direct  function  of  the  strain 
the  metal  was  subjected  to. 

The  reaction  of  the  hard  blanks,  in  the  region  where  the  tangential 
shear  stress  causes  deformation,  is.  linear;  that  is,  =  K9.  Since 
9  =  K  €,  it  can  be  concluded  that  the  reaction  of  strain  hardened  copper 
to  high  velocity  deformation  follows  a  linear  stress-strain  law:  cr  =  K  e. 

The  fully  annealed  copper  reacts  differently.  For  soft  blanks,  the 
maximum  value  of  9  is  proportional  to  the  difference  in  the  plastic  strain 
developed  In  differently  oriented  grains  in  the  distribution.  The  curv® 
for  soft  blank  copper  in  Figure  11  reflects  this.  This  curve  is  a  parabola; 
that  is 

-  K  0^/^,  or  a  =  K 
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Only  qualitative  concl  bions  have  been  drawn.  Ejroeriiaents  relating 
0  and  strain  in  a  more  quantitative  inanner  are  required  before  quantitative 
stress-strain  ciu:ves  can  be  plotted.  In  addition,  data  should  be  obtained 
from  the  recrystallization  work  to  give  a  more  useful  relation  between  the 
number  of  grains  per  unit  :3afea  ar.'  the  metal  flow  taking  pPace. 

However,  this  work  demonstrates  one  of  the  major  reasons  for  the 
different  results  obtained  in  the  reaction  of.  isetals  to  high  velocity 
defoi'mation.  Annealed  copper  follows  a  parabolic  law,  as  shown  by  Bell  for 
the  case  of  dynamic  comparison  tests^*^'^^,  but  strain  hardened  copper  reacts 
according  to  a  linear  stress-strain  relationship. 

B.  Reaction  of  the  Copper  Liners  to  Explosive  Loading:  Spin  Compensation. 

It  has  been  shown  that  the  effect  of  rotary  extrusion  is  to  cause  a 
tangential  rotation  of  grains  in  the  direction  of  the  tangential  shear  stress; 
the  significance  of  this  effect  in  producing  non-radial  metal  flow  during 
the  collapse  of  the  explosively  loaded  shaped  charge  liner  will  now  be 
considered. 

Plastic  deformation  of  single  crystals  takes  place  by  slip  along  certain 
crystalogfaphic  planes.  If  the  crystal  is  not  subjected  to  any  constraining 
forces,  the  resulting  change  in  shape  and  lattice  rotation  is  a  direct 
function  of  this  mode  of  deformation.  However,  in  a  polycrystalline  aggregate, 
the  deformation  in  each  grain  is  Influenced  by  grains  surrounding  it  whic 
are  either  not  yet  deforming,  or  are  deforming  in  different  direction.-'  oecauss 
of  differences  in  orientation.  The  heavy  preferred  orientation  found  in  the 
liner  wall  makes  it  possible,  for  the  purpose"  of  calculation,  to  replace  the 
distribution  of  orientation  by  a  one  orientation,  represented  by  a  single 
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crystal  having  the  orientati  -n  o?  .the  nsan  of  the  distribution.  Therefore, 

the  angle  9  is  the  angle  the  ^0^  pole  of  tliis  grain  cakes  with  the  normal 

in  the  tangential  direction.  It  will  also  be  assumed  that  at  the  stress  levels 

encountered  in  shaped  charge  collapse,  all  of  the  possible  slip  systems  in  a 

given  grain  will  be  active.  This  ''as  been  shown  tc  be  the  case  for  single 

(8' 

crystals  deformed  at  high  velocities. 

Observations  on  explosively  loaded  single  crystals  indicate  that 
crystallographic  effects  influence  the  metal  deformation  as  soon  as  che 
initial  compressive  pulse  reflects  back  into  the  specimen  from  the  free 
surface.  Therefore,  it  will  be  assumed  that  in  a  shaped  charge  liner, 
crystallographic  slip  will  take  place  after  the  first  stress  pulse  is  reflected 
from  the  inside  surface. 

A  diagram  representing  grains  near  the  inside  surface  of  a  liner  is 
shown  in  Figure  12.  The  diagonal  lines  represent  slip  planes.  The  difference 
in  orientation  between  successive  grains  is  determined  by  the  slope  of  the 
e  vs  X  curve.  As  the  reflected  stress  pulse  moves  through  gi’ain  A  slip  begins. 

The  grain  is  free  to  deform  in  the  direction  of  the  inside  surface.  The 
tangential  component  of  veloc<ty  is  zero  as  shown  in  the  vector  diagram  in 
Figure  l3a. 

Grain  B  is  severely  restricled  in  its  deformation.  It  cannot  stretch 
tangentially  because  it  is  constrained  by  the  ccnver gence  of  grains  arcmd  '  ■. 
toward  the  axis.  It  is  restricted  from  deforming  in  the  direction  of  groin  C 
by  the  fact  that  the  stress  pulse  has  not  reached  that  region.  Therefore,  it 
must  at  leas.t  partially  deform  in  the  direction  that  grain  A  is  deforming. 

Slip  planes  in  grain  B  will  then  rotate  to  align  themselves  with  those  in  gr«ain  A. 
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The  vector  diagram  of  veloc^-xes  Ik  this  instance  is  shown  in  Figure  13B. 
Grains  A  and  B  Both  have  the  same  vertical  component  of  velocity  V^,  But 
Because  of  their  different  orientations  have  different  initial  tangential 
consonants.  Pianes  in  grain  B  rotate  with  a  velocity  to  try  and  align 
themselves  with  planes  in  grain  A. 

As  the  reflected  stress  pulse  progresses  toward  the  outside  surface, 
planes  in  each  grain  will  align  themselves  wioii  those  at  the  inside  surface. 
Sin-.*e  the  angle  Between  the  first  slip  planes  and  those  at  some  point  in  the 
liner  wall  increases  as  the  distance  x  increases  (at  least  for  one. half  the 
wall  thickness),  the  tangential  component  of  velocity  will  also  increase, 
is  then,  as  oBtained  from  the  vector  diagram  in  Figure  13C  given  By 

=  V  tan  A9 
t  o 

where  AO  is  the  angle  Between  the  initial  slip  planes  at  the  inside  surface 
and  those  at  some  point  in  the  liner  wall. 

■  )i 

For  a  typical  hard  Blank  liner,  AO  is  3°  for  x  =  .030°  .  If  the  collapse 
velocity  is  2  X  lO^mm/sec, 

V .  =  2  X  10^  tan  3°  =  1.04  x  10*^ 

•t 

let  r  40ram 

1  4 

.,,1.  „  1.04  X  10  o 

then  fl  = - -  =  41.8  cps 

This  type  of  liner  has  an  observed  value  of  i)  of  40  cps. 

The  spin  onmppnsatiori  frequency  U,  thciefuie  depends  on  the  slope  of  the 
0  vs  X  cijrve  through  the  inner  half  of  a  liner.  It  has  been  shown  that  for 
hard  Blank  liners  this  slope  is  not  changed  in  t'.is  rotai’y  extrusion  process. 
Therefore,  hard  Blank  liners  should  have  the  same  value  of  fi  regardless  of  the 
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magnltuae  of  the  tangential  s’-ear  dmliig  inanufacture.  Table  I  shovs  values 
of  fl  obtained  from  penetration  rotation  firings  of  hard  blank  liners  made 
with  different  feed  rates. 

TABIE  I 

Feed  Rate  {*jn.'rell  Speed  11 


ra/rev 

rev/min 

cps 

6 

1200 

44 

12 

1200 

40 

2h 

1200 

40 

ko 

1200 

40 

It  has  been  shovm  that  the  slope  of  che  0  vs  x  curve  for  liners  made 
from  soft  blanks  is  dependent  on  the  tangential  shear  stress  applied  during 
manufacture.  The  spin  compensation  froquuncy  should  then  vary  witn  the 
tangential  stress  in  a  similar  manner.  This  is  indicated  by  the  1)  vs  NP/t 
curves  in  Figure  l4.  The  curves  A  and  B  repi-esent  liners  made  on  two  different 
machines.  The  tool  contact  area  was  greater  for  machine  A  than  for  machine  3. 

The  tangential  stress  was  therefore  lower  and  the  value  of  0  lower  than  that 
obtained  with  machine  B  for  the  same  value  of  NF/t  and  mandrel  speed.  The 
values  of  11  for  these  curves  ’  ere  obtuined  from  penetration  rotation  firings. 

There  are  two  possible  methods  for  conserving  angular  momentum  in  this 
system.  The  first  case  is  that  described  previously. The  stress  pulse  is 
considered  to  have  a  preferred  particle  velocity  in  .he  direction  of  the  (.'’.  •  •rt: 
packed  planes^  acquiring  this  preferred  motion  upon  reflection  from  the  inside 
surface.  This  gives  rise  to  a  preferred  rotation  in  the  gasses,  wh^n  the  stress 
pulse  reaches  the  outside  surface,  as  Ir.  the  case  of,  liners  with  interior  fi.utes. 

Another  way  of  considering  the  problem  depends  on  the  angular  vei.ocity, 
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V  ,  given  to  the  inaterial  hy  the  groins  attempting  to  align  themselves  in  the 

direction  of  flow  of  the  inside  surface.  Esser.tially,  the  mt-chanism  of  flow 

is  the  same  as  in  the  first  case.  Rel lection  of  the  stress  pulse  from  the 

inner  surface  gives  rise  to  preferential  flow  on  the  planes  in  grain  A  in 

Figure  12.  Figure  13  shows  the  torque  that  has  been  imposed  on  planes  rotating 

•towards  the  preferred  flow  direction  generated  by  the  movement  of  the  inside 

surface.  If  the  6  vs  x  ciu-ves  in  Figm-es  8  and  9  are  examined,  it  is  seen 

that  G  rever'^es  direction  at  some  point  through  the  wall.  This  indicates  the 

planes  rotate  in  the  opposite  direction  to  a.vrive  at  the  preferred  flow  direction. 

Metal  above  and  below  the  point  of  reversal  will  be  rotating  in  opposite 

directions,  therefore  V.  m,  =  m  +  V.  m.s  or,  after  canceling  constants, 

^1  *'2  ~  ^3 

(tan  AO,)  (Ar)  =  (tan  AOg)  (Ar^)  +  (tan  AO^) 

where  region  one  is  from  9  at  x  =  0  to  6  at  x  =  reversal  point;  region  two 
goes  from  0  at  x  =  reversal  point  to  0  original;  and  region  three  is  from  0 
original  up  to  the  outside  surface. 

Calculations  snow  the  follov.'lng: 

TABLE  II 

Cone  (tanAO^)  (Ar^)  (ta.”.  AOg)  (Ar^)  h  (tan  AO^)  (At^) 


Hard  blank  - 

40  cps 

7.45 

7.93 

Soft  blank  - 

10  cps 

6.5 

5.3 

Soft  blank  - 

25  cps 

4.35 

4.3 

The  implication  is,  therefore,  tliat  the  si'ig  and  jet  are  rotating  in 
opposite  directions,  since  the  metal  that  goes  into  each  comes  from  portions 

of  the  cone  wall  that  have  resultant  volocii.  rb  in  opposite  directions. 
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(CONFIDENTIAL)  SOK-MY 

The  tangential  component  of  collapse  velocity  obtained  i:  rotary  extruded 
liners  is  produced  by  a  tangential  shear  in  the  liner  vail  which  is  induced 
by  crystEillograpiiic  slip  in  individual  grains.  The  value  of  spin  compensation 
frequency  £1  which  is  obtained  is  therefore  dependent  on  the  orientatlor.  of 
grains  in  the  liner  wall. 

3r  soft  blank  liners,  the  orientation  of  grains  is  a  function  of  the 
tanf  .ntial  sh'.ar  applied  during  manufacture.  Therefore,  the  value  of  <0  is 
dependent  on  the  magnitude  of  this  stress  which  for  a  particular  machine  can 
be  approximated  by 

a.  =  KP 

V 

where  F  is  the  feed  rate  in  inches/rev. 

Since  fl  is  a  function  of  grain  orientation,  a  determination  of  the  spin 
compensation  frequency  for  a  particular  liner  can  be  made  by  use  of  the  relation¬ 
ship 

6  = 

where  0  is  the  average  angle  "f  orientation  of  the  grains  in  the  liner  wall 
at  a  particular  point  and  I^  and  Ig  are  the  intensities  of  the  maxima  in  the 

diffracted  cone  of  x-radiation  for  normal  incidence  X-rays. 

This  type  of  test  is  reliable  for  all  types  of  rotary  extrude','  iners  ij 
the  X-rays  measurements  are  made  in  the  liner  wall  where  0  approaches  its 
maximum  value.  It  is  therefore  a  destruci.ive  test. 

For  soffb^ank  liners,  the  orientation  of  g- ains  at  the  outside  surface 
is  dependent  on  the  magnitude  of  the  tangential  shear  in  the  same  manner  es 
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(CONFIDENTIAL)  IHSPECTTON  METHODS 

It  has  been  shovm  that  the  value  of  (L  "  Ir  )  at  norcial  Jnai'lence  is 

1  2 

a  direct  indication  of  the  ainoimt  of  rotation  that  has  been  given  to  the  grains 
in  tlie  liner  wall. 

Therefore, 

0  =  Kds  -  I^  ) 

1  2 

It  she  J-d  be  possible  therefore,  to  determine  the  spin  compensation 
frequency  <u  by  measuring  Ig  ”  ^6  ^  ^  normal  incident  X-ray  made  at  a 

point  in  the  liner  weill  where  Q  approaches  its  maximum  value. 

Figure  17  shows  Ij.  -  I„  vs  0  for  liners  made  from  both  hard  and  soft 

blanks.  These  measurements  were  made  at  approximately  l/3  the  wall  thickness 
of  the  liner  from  the  outside  surface.  The  values  of  fl  for  these  liners  were 
obtained  from  penetration  rotation  firings  and  flash  X-ray  measurements. 

A  spot  check  on  liners  could  be  made  by  manufacturers  in  a  similar 
manner  using  the  type  of  X-ray  instrumentation  described  in  this  report.  An 
Indication  of  f'e  reliabili+y  of  this  method  can  be  seen  from  the  sample  lata 
shown  in  Figure  I5.  These  curves  were  obtained  in  the  inspection  of  one  T-384 
liners  and  one  T-300.  On  the  basis  of  this  inspection  a  value  of  o)  of  35  cps 
was  predicted  for  the  T-300  liner  and  a  value  of  2)  cps  was  predicted  T"’  th" 
T-384  liners.  These  predicted  values  were  within  +  5  of  the  value  later 
obtained  from  penetration  rotation  firings. 

For  soft  blank  liners,  the  tangential  plastic  deformation  takes  place- 
through  the  entire  wall  of  the  liner.  The  grain  orientation  at  i;he  outside 
surr’ace  is  therefore  as  much  dependent  on  tlte  tangential  sheex  as  that  inc;  l.e 
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the  liner  wall.  Therefore,  a  n 'n-descruetive  test  can  be  made  on  soft  blank 
liners  to  determine  their  spin  compensation  frequency. 

The  curve  of  I-,  -  L,  vs  fl  for  the  outside  surface  of  soft  blanks  Is 


shown  in  Figure  I7  for  liners  made  with  the  same  machine. 

The  surface  orientation  is  more  ..abject  to  change  by  slight  changes  in 
tool  angle  and  shape,  (contact  area),  than  the  inside  orientation.  Therefore, 
a  non-destructive  test  can  be  made  only  on  liners  from  a  specific  machine, 
whereas,  a  destructive  test  gives  an  absolute  value  of  fi  regardless  of  blank 
hardness  or  machine  parameters. 

Jfeasurements  of  the  type  mentioned  above  should  be  made  with  an  instrument 
similar  to  the  one  described  in'  this  report.  However,  since  only  normal 
incidence  X-rays  are  needed  for  this  inspection  technique,  the  instrument  may 
be  modified  in  the  following  manner.  The  geiger  tube  may  be  made  stationary 
and  be  fixed  at  the  proper  angle  with  the  X^ray  beam  (53.^*^)  to  receive  the 
diffracted  radiation.  The  liner  can  then  be  rotated  about  the  axis  of  the 
X-ray  beam  in  such  a  way  that  the  surface  is  always  normal  to  the  beam.  Such 
a  modification  should  prove  more  adaptable  to  production  line  Inspection. 

The  present  criteria  for  inspecting  the  rotary  extruded  liners, to 
determine  their  optimum  spin  compensation  frequency,  is  the  angle  which  lines 
scribed  on  the  inside  surface  of  the  uiank  are  twisted  during  deformation. 

This  is  in  effect  a  measurement  of  the  amount  of  tangenalal  plastic  def'^r-maulci. 
given  to  the  inside  surface  of  the  liner  during  manufacture.  For  liard  blame 
liners  no  tangential  plastic  deformation  takes  place  at  the  inside  sui’face. 

Any  angle  of  twist  is  produced  by  the  combination  of  axial  shear  and  bending 
only.  It  is  therefore  obvious  that  the  angle  of  twist  is  a  completely 
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inaccurate  criteria  for  measuring  fi  for  hard  blank  liuera. 

For  soft  blank  liners,  the  variations  in  the  firmness  of  contact  between 
the  formed  liner  and  the  mandrel  smface  ca.i  appreciably  alter  the  amount  of 
plastic  flow  taking  place  at  the  inside  surface.  The  angle  of  twist  is  there¬ 
fore  not  an  accurate  measure  of  plastic  deformation  at  points  highex  up  in 
the  liner  wall,  and  will  not  accurately  indicate  the  optimum  spin  condensation 
frequency. 

The  f'^clstence  of  the  a  vs  stress  relationship  for  soft  blank  liners 
provides  a  basis  for  determining  the  manufactui'ing  parameters  to  be  used  in 
forming  liners  which  are  to  have  a  given  value  of  ai.  Such  a  curve  can  be 
obtained  either  from  existing  data  or  by  obtaining  o)  for  liners  whose 
manufacturing  parameters  are  known.  However,  in  doing  so  it  ^  s  inqiortant  to 
keep  the  area  of  contact  and  the  blank  inaterial  constant.  Small  changes  in 
the  tool  angle  can  change  the  area  of  contact  significantly  enough  to  produce 
a  considerable  change  in  the  value  of  the  spin  compensation  frequency  obtaliied 
for  a  given  value  of  NP/t. 
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A  ROTATION  AROUND  THE  APEX 
TO  ACCOMODATE  DIFFERENT 


FIG.  I  -SCHEMATIC  DIAGRAM  OF  THE  ROTARY  EXTRUSION 
EXTRUSION  PROCESS. 


27 


I 


SAMPLE  WALL 


axial  shear  stress 


BLANK 


MANDREL' 


bending  stress 


MANDREL  AXIS 


MANDREL  ROTATION 


TANGENTIAL  SHEAR  STRESS 

,  FIGURE  2 

VARIOUS  STRESSES  PRESENT  IN  THE  PROCESS 
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FIGURE  3.  BACK  REFLECTION  GONIOM3TER 


FIGURE  4 

TYPICAL  CHART  RECORD  AND  BACK -REFLECTION  PHOTOGRAPH 
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FIGURE  5 

INTENf'T/  PLOTS  OF  THE  DIFFRACTION  PEAKS  -  POLAR  COORDINATES 
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FIGURE  7 

SCHEMATIC  OF  THE  METAL  FLOW 
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